Mesotrione is a benzoylcyclohexane-1,3-dione herbicide that inhibits 4-hydroxyphenyl pyruvate dioxygenase in target plants. Although it has been used since 2000, only a limited number of degrading microorganisms have been reported. Mesotrione-degrading bacteria were selected among strains isolated from Brazilian aquatic environments, located near corn fields treated with this herbicide. Pantoea ananatis was found to rapidly and completely degrade mesotrione. Mesotrione did not serve as a sole C, N, or S source for growth of P. ananatis, and mesotrione catabolism required glucose supplementation to minimal media. LC-MS/MS analyses indicated that mesotrione degradation produced intermediates other than 2-amino-4-methylsulfonyl benzoic acid or 4-methylsulfonyl-2-nitrobenzoic acid, two metabolites previously identified in a mesotrione-degrading Bacillus strain. Since P. ananatis rapidly degraded mesotrione, this strain might be useful for bioremediation purposes.
Introduction
The tremendous increase in crop yields associated with the ''green'' revolution has been possible, in a large part, due to the discovery and use of herbicides that selectively control weed growth in production fields (Dayan et al., 2009 ). Although, a key research objective has been to discover new herbicides that control the widest variety of weed species at low application rates and in an environmentally-friendly manner (Alister and Kogan, 2006; Beaudegnies et al., 2009) , the use of agricultural chemicals does impact the environment. For instance, these chemicals can change the microbial community structure, by the selection of potential strains responsible for herbicide degradation (Ding et al., 2009) , and oxidative stress response to herbicide (Martins et al., 2011) . Further, it has been estimated that nearly 80% of world's human population is exposed to pesticides in water (Vörösmarty et al., 2010) . The potential transfer of pesticides to water bodies depends on the pesticide used and environmental characteristics (Arias-Estévez et al., 2008) . To minimize possible threats, information on the environmental fate of new herbicides is needed.
Mesotrione [2-(4-methylsulfonyl-2-nitrobenzoyl)1,3-cyclohenanedione] (Fig. 1 ) was first registered for use as a pre-and post-emergent herbicide in 1993 for controlling the growth of broadleaf weeds. Mesotrione has been used in Europe, the USA, and Brazil since 2000, 2001, and 2003, respectively , chiefly under the brand name Callisto (Alferness and Wiebe, 2002) . This herbicide functions by inhibiting 4-hydroxyphenylpyruvate dioxygenase (HPPD) activity in target plants, which converts tyrosine to plastoquinone and a-tocopherol, producing bleaching symptoms on leaves (Boydston and Al-Khatib, 2008; Aliferis et al., 2009) . The benzoyl at the C2 and C4 positions has been shown to be essential for herbicide function, and the strong electron-withdrawing cyclohexanedione moiety is responsible for slowing the rate of detoxification by plants (Mitchell et al., 2001) .
Despite its widespread use, however, few microorganisms have been reported to catabolize mesotrione. Mesotrione has been shown to lower bacterial diversity in enrichment experiments at concentrations ranging from 0.07 to 0.15 mM (Batisson et al., 2009) . Durand et al. (2006) , studying fungal and bacterial strains in rain water isolated Bacillus sp., strain capable to completely biotransforming 5 mM mesotrione. They identified AMBA (2-amino-4-methylsulfonyl benzoic acid) as one of the metabolites, but was not the major one. In situ NMR and HPLC was used to demonstrate a rapid transformation of mesotrione. Alferness and Wiebe (2002) suggested that 4-methylsulfonyl-2-nitrobenzoic acid (MNBA) and AMBA were the two major parent metabolites from mesotrione degradation in soil and in water.
Mesotrione, in high concentrations, was shown to have an impact on bacterial community structure on soil in Limagne, France, producing mesotrione-sensitive and mesotrione-adaptative strains. Bacillus sp. and Arthrobacter sp. were isolated as adapted strains, but only the former was able to completely and rapidly biotransform mesotrione (Batisson et al., 2009) . Crouzet et al. (2010) studied the responses of microbial communities to pure or formulated (Callisto) mesotrione, applied at three different doses, and found MNBA and AMBA as biodegradation products in high applied rates.
In this study, we report on the isolation of a Pantoea ananatis strain that completely degraded mesotrione in a pathway that does not produce AMBA and MNBA intermediate products. The bacterium was isolated from water environments surrounded by mesotrione treated fields. To our knowledge, this is the first report of P. ananatis being involved in pesticide degradation although Pantoea sp. strains have previously been reported to be associated with animal and plant diseases, can readily be found in the environment (Brady et al., 2008; Baldwin et al., 2009; Smits et al., 2011) . Results of this study may lead to a better understanding about the fate of mesotrione in water.
Material and methods

Chemicals
A commercial formulation of Callisto, containing 48% of active ingredient mesotrione ( Fig. 1) , was used in this study. In culture media pure chemical mesotrione was used and was kindly provided by Syngenta Crop Protection, Greensboro, NC (USA). For HPLC and LC-MS/MS experiments, we used analytical standard of Pestanal (Sigma-Aldrich). All other chemicals used in HPLC and LC-MS/MS were ACS grade and were from Fischer Scientific, Pittsburg, PA.
Samples collection and strains isolation
Samples (100 mL) of water were collected from a lake and streams surrounded by corn fields treated with mesotrione (Callisto), at Capão da Onça School Farm -Ponta Grossa State University, Ponta Grossa-PR, Brazil (longitude: 50°03' W, latitude: 25°05' S and an average altitude of 1000 m). Two samples were collected in each location, and plated in triplicate in mesotrione minimal medium (MMM), containing 10 mM potassium phosphate buffer, pH 7.0; and following compounds in g L À1 : 3 NaNO 3 ; 0.5 MgSO 4 ; 0.5 KCl; 0.01 FeSO 4 ; 0.04 CaCl 2 ; 0.001 MnSO 4 ; 0.4 glucose; 15 agar, and 0.04 mM (1 Â FR, Filed Rate) mesotrione (Callisto). Plates were incubated at 18-37°C. Strains with high tolerance to mesotrione were isolated and stored in 50% glycerol at À86°C until used.
Bacterial Identification by sequencing 16S rDNA
The bacterial strains were cultivated on LB Agar in g L À1 (10 bacto peptone, 5 yeast extract, 10 NaCl, 15 Agar) and after incubation a single colony was collected for strain identification. The 16S rRNA genes were amplified using primers 8F 5 0 -AGAGTTTGATCCTG GCTCAG-3 0 and 1492R 5 0 -GGTTACCTTGTTACGACTT-3 0 (Lane, 1991 ) and sequenced at the University of Minnesota, BioMedical Genomics Center in St. Paul, MN USA as previously described (Munoz et al., 2011). Results were analyzed by blast analysis using the Ribosomal Database Project website (http://rdp.cme.msu.edu).
Mesotrione degradation analysis
To determine mesotrione degradation capability, strains were grown in 100 mL LB broth containing 0.04 mM mesotrione (Syngenta) in 500 mL flasks and incubated at 30°C, with shaking at 200 rpm. Cells were harvested after 24 h and centrifuged at 8000 g for 15 min at 4°C. The bacterial pellet was washed, twice, in MM (MMM without mesotrione) and the cells were resuspended in 10 mL 0.04 mM mesotrione MMM, and incubated at 30°C on a rotary shaker (200 rpm). Samples (1 mL) were directly taken from the incubation medium (0 and 24 h), and centrifuged at 10 000g for 5 min. The supernatant (0.9 mL) was frozen until analysis by HPLC.
Prior to HPLC analyses, samples were syringe filtered (0.22 lm).
HPLC analyses were accomplished with Waters Alliance 2695 high performance liquid chromatography, coupled with photo diode array. A Zorbax, RX-C8 column (2.1 mm ID Â 150 mm long Â 5 lm film thickness), was used for separation. The column temperature was maintained at 35°C and the mobile phase, at 0.2 mL min
À1
, was a gradient starting with 90% water (0.1% formic acid) (A): 10% Acetonitrile (B); 90% A at 0 min; 90% A at 3 min; 50% A at 10 min; 10% A at 15 min; 10% A at 20 min; 90% A at 25 min; 90%
A at 30 min. The sample injection volume was 50 lL and samples were maintained at 20°C in the autosampler to minimize potential analyte decomposition, while the column was maintained at 35°C to improve the peak resolution.
Nutrient uptake and mesotrione degradation
To determine if mesotrione was used as carbon, nitrogen or sulfur source, and to correlate these capacities with herbicide degradation, bacterial cultures were incubated in different media, in triplicate, for 24 h at 30°C, with shaking at 200 rpm. The following media were investigated: (A) MMM; (B) MMM with no carbon (no glucose); (C) MMM with no nitrogen (replacing NaNO 3 salt with 3 g L À1 NaCl); and (D) MMM with no sulfur (replacing SO 4 salts with 0.5 g L À1 MgCl 2 ; 0.01 g L À1 FeCl 3 ; and 0.001 g L À1 MnCl 2 ).
Samples (100 lL) were taken after 24 h for bacterial growth measurements using a spectrophotometer at 660 nm. After 5 d, 3 mL samples were collected for HPLC degradation analyses. HPLC samples were centrifuged at 10 000g for 5 min. The supernatant (0.9 mL) was frozen until analysis by HPLC. Prior to HPLC analyses, samples were syringe filtered.
Metabolite identification
Analysis for loss of the mesotrione parent compound was accomplished with Waters Alliance 2695 HPLC, Milford, MA, coupled to an Applied Biosystems, Carlsbad, CA, API 3200 LC-MS/ MS. A Zorbax, RX-C8 column (2.1 mm ID Â 150 mm long Â 5 lm film thickness, Agilent Technology, Santa Clara, CA), was used for separation as described above. All compounds were detected using LC-DAD (Waters 2996 Photo diode array detector) with DAD monitoring at 210-400 nm, and LC-MS/MS negative ionization or thermo spray -full range scan mode, from 80 to 400 amu, with the following mass spectrometer conditions: Curtain Gas interface: 207 kPa, IS voltage: À4000 V, Gas 1: 207 kPa, Gas 2: 207 kPa, Ions source temperature: 400°C, dwell time: 200 ms.
Sample extracts were acidified with formic acid and passed through a conditioned C18 solid phase extraction cartridge (SPE). The SPE was eluted with MeOH, the solution was evaporated to dryness with N 2 , and then brought to 1 mL with 50:50 Acetonitrile:H 2 O.
Results and discussion
Strain isolation
A mesotrione degrading bacterium, P. ananatis (Genbank Accession AF264684), was found among 359 microorganisms that grew on minimal medium with 1 Â FR mesotrione (Callisto). In contrast, Crouzet et al. (2010) did not find mesotrione degradation activity in 1 Â FR. One of the reasons for this may be due to the fact that Fig. 3 . Percentages of mesotrione degradation based on HPLC data. Fig. 4 . P. ananatis growth data and mesotrione degradation data at same selective culture conditions. Upper graphic: growth data of P. ananatis in 25 mL of MMM media, in carbon, nitrogen and sulfur uptake tests, in 125 mL flasks, and 5 d of incubation at 30°C. All = MMM; N = MMM À nitrate; S = MMM À sulfur; C = MMM À glucose; NO = MMM À mesotrione À glucose. Bottom graphic: HPLC data from mesotrione degradation by P. ananatis after 5 d of incubation at 30°C, in the same experimental conditions of upper graphic. Fig. 5 . Mass spectra of metabolites and possible structures. ESI mass spectra generated metabolites molecular weight, which was used to predict the more stable molecular structure. After the H in negative mode is lost, then the resultant structure would have the mass indicated at spectrogram.
we used commercial Callisto, containing 48% mesotrione as active ingredient, while the Callisto used by Crouzet et al. (2010) contained 10% active ingredient.
Mesotrione degradation analysis
HLPC data analyses showed that P. ananatis could degrade all the added mesotrione (Fig. 2) . After 17-18 h of incubation (Fig. 3) .
Only one mesotrione peak could be seen at 0 h of bacterial incubation. However, in 24 h, three different degradation peaks could be observed (Fig. 2) . Batisson et al. (2009) also reported that a Bacillus sp. from soil of Limagne (Puy-de-Dôme, France) could rapidly and completely degrade mesotrione in 24 h. In our studies, however, we report for the first time that Gram negative bacteria can also degrade this herbicide.
Results in Fig. 3 show that live cells are required for degradation, there was no degradation by heat killed P. ananatis. This also shows that mesotrione was not lost from the culture medium by cell adsorption. Fig. 4 shows growth data of P. ananatis inoculated in different media, and corresponding analyses for mesotrione degradation by HPLC. These data indicate the bacteria did not use mesotrione as sole carbon source for growth, in contrast to what was found with the Bacillus sp. strain (Batisson et al., 2009 ). Thus glucose was necessary for P. ananatis to start growth and degradation (Kao et al., 2004) .
Nutrient uptake and mesotrione degradation
Mesotrione inhibits the enzyme HPPD, which, in plants, is a component of the biosynthetic pathway that converts tyrosine to plastoquinone and a-tocopherol. Plastoquinone is a critical cofactor for phytoene desaturase, a component of the carotenoid biosynthetic pathway. Depletion of plastoquinone levels by inhibition of HPPD results in depletion of carotenoids (Mitchell et al., 2001) . In P. ananatis the crtE gene codify for diphosphate (GGPP) synthase, which produces a condensation of three molecules of isopentenyl diphosphate with one of dimethylallyl diphosphate to produce GGPP. The condensation of two molecules of GGPP into phytoene by phytoene synthase is encoded by crtB bacteria gene. Phytoene desaturase, encoded by crtI, converts phytoene to lycopene and, after some more metabolic steps, reach carotene production (Farré et al., 2010) . We suggest that P. ananatis strain degrades mesotrione not for using it as carbon source, but as a strategy to avoid the inhibition of carotene synthesis.
Metabolite identification
LC-MS/MS analysis of mesotrione has been done in both positive (Gervais et al., 2008) and negative mode (Gomides Freitas et al., 2008) . Analysis in negative mode of culture medium following mesotrione degradation by P. ananatis is shown in Fig. 5 , and several degradation peaks were observed; no degradation peaks were observed in positive mode. We could predict three steps in the mesotrione degradation pathway, represented by the higher degradation peaks in the spectrograms. The masses associated to the peaks in spectrograms are consistent with the calculated masses and proposed structures.
It was previously shown that MNBA and AMBA were the major products of mesotrione degradation found in soil (Alferness and Wiebe, 2002; Bonnet et al., 2008; Batisson et al., 2009 ). These compounds, mainly AMBA (Bonnet et al., 2008) , have been considered more toxic than mesotrione itself (Crouzet et al., 2010) . Results of LC/MS/MS analysis for the water-borne P. ananatis strain suggest a possible new mesotrione degradation pathway that does not go through MNBA and AMBA intermediates. Durand et al. (2010) , in further studies with Bacillus sp. 3 B6, considered a new degradation pathway, which leads to intermediary hydroxylamino derivatives, some of which are toxic and mutagenic. Mesotrione was considered a toxic molecule due to the strong withdrawing of 4-nitro and sulfur groups (Mitchell et al., 2000) and is more stable in water and more resistant to photolysis than sulcotrione, a triketone herbicide (Chaabane et al., 2007) . The authors indicated that the major difference between these structures, the NO 2 group, was responsible the stability of mesotrione.
Interestingly, E. coli K strains TOP10 and DH5-a, and E. coli B strains CGSC 5713 (Lemonnier et al., 2008) and CGSC 5365 (Khankal et al., 2008) were also found in this study to degrade 100% of the added mesotrione (0.04 mM) in 24 h in mesotrione degradation analysis by HPLC (data not shown). This suggests that mesotrione degradation by bacteria may not be as unique as previously thought, especially if carried out via cometabolic processes. We believe this is the reason for the difficulties in finding specific mesotrione degradation genes (Durand et al., 2006) . Crouzet et al. (2010) studied the response of microbial communities to pure and formulated mesotrione (Callisto). They reported that MNBA and AMBA were major biodegradation products from cells receiving high concentrations of mesotrione. They concluded that 100 Â FR doses with pure mesotrione seemed to induce stronger microbial response than Callisto, because this contains adjuvants with potential side-effects in some microbial populations. Callisto caused impact on soil microbial activity sooner than mesotrione. Our results show that, in agreement with Crouzet work, P. ananatis was isolated from an aquatic environment, probably with low herbicide concentration, and could not grow at 100 Â FR Callisto, due the adjuvants side-effects, but was able to degrade mesotrione 0.04 mM (1 Â FR active ingredient).
Conclusions
A new mesotrione degradation pathway for P. ananatis is suggested in this work, resulting in intermediate products other than MNBA or AMBA, which are more toxic than the original herbicide molecule. Mesotrione is not a carbon source to P. ananatis, and its degradation is probably due to a cometabolic process with the glucose as an energy starter. P. ananatis could not grow in high Callisto concentrations in media culture, probably due to adjuvants' side-effects. Fast metabolism and no toxic degradation products are desirable characteristics for herbicide bioremediation process.
